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(57) ABSTRACT

A wind turbine blade is provided. The wind turbine blade
includes aroot region, a tip region, and a body extending from
the root region to the tip region. The tip region includes a first
winglet and a second winglet that extend arcuately away from
one another.
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1
WIND TURBINE BLADE AND METHOD OF
FABRICATING THE SAME

BACKGROUND

The subject matter described herein relates generally to
wind turbines and, more particularly, to a wind turbine blade
and a method of fabricating the same.

Many known wind turbines include a tower and a rotor
mounted on the tower via a nacelle. The rotor includes a
number of blades that rotate to drive a generator through a
gearbox via a rotor shaft, and the gearbox steps up the inher-
ently low rotational speed of the rotor shaft such that the
generator may convert the mechanical energy to electrical
energy. However, at least some known wind turbines experi-
ence significant losses in annual energy production (AEP)
due to aerodynamic inefficiencies of the blades at their
respective tips. Moreover, at least some known wind turbines
have blades with tips that generate vortices that may
adversely affect the operation of downstream wind turbines.

BRIEF DESCRIPTION

In one aspect, a wind turbine blade is provided. The wind
turbine blade includes a root region, a tip region, and a body
extending from the root region to the tip region. The tip region
includes a first winglet and a second winglet that extend
arcuately away from one another.

In another aspect, a wind turbine is provided. The wind
turbine includes a tower, a nacelle mounted on the tower, and
a rotor rotatable relative to the nacelle. The rotor includes a
blade having a root region, a tip region, and a body extending
from the root region to the tip region. The tip region includes
a first winglet and a second winglet that extend arcuately
away from one another.

In another aspect, a method of fabricating a wind turbine
blade is provided. The method includes forming a body hav-
ing a root region, and forming a tip region integrally together
with the body. The method further includes forming the tip
region to include a first winglet and a second winglet that
extend arcuately away from one another.

DRAWINGS

These and other features, aspects, and advantages of the
present disclosure will become better understood when the
following detailed description is read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 is a schematic side view of an exemplary wind
turbine;

FIG. 2 is a perspective view of an exemplary tip region of
an exemplary blade that may be used with the wind turbine
shown in FIG. 1;

FIG. 3 is an overhead plan view of the tip region shown in
FIG. 2;

FIG. 4 is a side view of the tip region shown in FIG. 2;

FIG. 51s across-sectional perspective view of the tip region
shown in FIG. 2 taken along the plane 5-5 shown in FIG. 4;
and

FIG. 6 is a schematic side view of another embodiment of
the wind turbine shown in FIG. 1.

Unless otherwise indicated, the drawings provided herein
are meant to illustrate features of embodiments of the disclo-
sure. These features are believed to be applicable in a wide
variety of systems comprising one or more embodiments of
the disclosure. As such, the drawings are not meant to include
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2

all conventional features known by those of ordinary skill in
the art to be required for the practice of the embodiments
disclosed herein.

DETAILED DESCRIPTION

Inthe following specification and the claims, reference will
be made to a number of terms, which shall be defined to have
the following meanings.

The singular forms “a”, “an”, and “the” include plural
references unless the context clearly dictates otherwise.

“Optional” or “optionally” means that the subsequently
described event or circumstance may or may not occur, and
that the description includes instances where the event occurs
and instances where it does not.

Approximating language, as used herein throughout the
specification and claims, may be applied to modify any quan-
titative representation that could permissibly vary without
resulting in a change in the basic function to which it is
related. Accordingly, a value modified by a term or terms,
such as “about” and “substantially”, are not to be limited to
the precise value specified. In at least some instances, the
approximating language may correspond to the precision of
an instrument for measuring the value. Here and throughout
the specification and claims, range limitations may be com-
bined and/or interchanged, such ranges are identified and
include all the sub-ranges contained therein unless context or
language indicates otherwise.

The wind turbine blades set forth below have tip regions
that enable tip loss reduction (and vortex dissipation) in a
compact fashion so as to minimize turbine loads. As such, the
blades provide a significant economic and competitive advan-
tage in the form of increased annual energy production (AEP)
for a wind turbine, in addition to reducing the fatigue loading
of downstream wind turbines that results from the wake gen-
erated by upstream wind turbines in a wind turbine farm.

FIG. 1 is a schematic illustration of a wind turbine 100. In
the exemplary embodiment, wind turbine 100 is a horizontal
axis wind turbine that includes a tower 102 erected from a
foundation (not shown), a nacelle 104 mounted on tower 102,
and a rotor 106 that is rotatable relative to nacelle 104. Rotor
106 includes a hub 108 and a plurality of blades extending
outward from hub 108, namely a first blade 110, a second
blade 112, and a third blade 114 that are substantially equi-
distantly spaced about hub 108. Each blade 110, 112, 114 has
a root region 116, a tip region 118, and a body 120 extending
from root region 116 to tip region 118 along a longitudinal
axis L. Rootregion 116 of each blade 110, 112, 114 is suitably
configured for operative connection to hub 108 such that,
when blades 110, 112, 114 are coupled to hub 108 at their
respective root regions 116, each blade 110, 112, 114 has a
span S from hub 108. In other embodiments, rotor 106 may
include any suitable number of blades 110, 112, 114 spaced
any suitable distance from one another about hub 108. Nota-
bly, unless otherwise specified herein, the various compo-
nents shown in FIG. 1 (and FIGS. 2-6) are not intended to be
drawn to scale, e.g., some components may be shown as being
larger for ease of viewing.

FIGS. 2-5 are various views of tip region 118 extending
from body 120 on first blade 110. It should be noted that,
while first blade 110 is described in more detail below, second
blade 112 and third blade 114 may be configured in the same
manner as first blade 110, e.g., without limitation, second
blade 112 and third blade 114 may have respective tip regions
118 and bodies 120 that are configured in the same manner as
tip region 118 and body 120 of first blade 110. In the exem-
plary embodiment, as shown in FIG. 3, body 120 of first blade



US 9,366,224 B2

3

110 has a body pressure side 122, a body suction side 124, a
body leading edge (or face) 126, and a body trailing edge (or
face) 128. Body pressure side 122 and body suction side 124
are joined together at body leading edge 126 and body trailing
edge 128 such that body 120 has an airfoil-shaped profile
having a chord C. In alternative embodiments, body 120 may
have any suitable profile shape that facilitates enabling first
blade 110 to function as described herein.

Tip region 118 of first blade 110 includes a first winglet 130
and a second winglet 132 that are formed integrally together
with, and branch out from, body 120 of first blade 110 in a
split-winglet configuration. More specifically, first winglet
130 extends arcuately from body 120 to a first distal end 134
such that, when first winglet 130 is viewed from the side (as
in FIG. 4), first distal end 134 points away from body pressure
side 122 in afirst direction F | thatis substantially perpendicu-
lar to longitudinal axis L. In this manner, the exemplary
embodiment of first winglet 130 is said to have a blended
profile. First winglet 130 has a first pressure side 136, a first
suction side 138, a first leading edge (or face) 140, and a first
trailing edge (or face) 142. First pressure side 136 and first
suction side 138 are joined together at first leading edge 140
and first trailing edge 142 such that first winglet 130 has an
airfoil-shaped cross-section (as shown in FIG. 5). In other
embodiments, first winglet 130 may extend linearly (rather
than arcuately) from body 120 to first distal end 134. As used
herein, the term “formed integrally together” refers to being
formed as one piece, e.g., without limitation, via a molding
process, and does not refer to being formed as separate pieces
that are subsequently joined together, e.g., without limitation,
via a bolting or welding process. In that regard, some alter-
native embodiments of tip region 118 may have first winglet
130 and second winglet 132 being formed as separate pieces
from, and coupled to, one another and/or body 120 in any
suitable manner. Additionally, as used herein, the term
“blended” profile refers to the profile of each winglet merging
smoothly with the body of the blade and extending away from
the body of the blade along an arcuate path such that a corner
is not present at the junction of the respective winglet and the
body of the blade.

Similarly, second winglet 132 extends arcuately from body
120 to a second distal end 144 such that, when second winglet
132 is viewed from the side (as in FIG. 4), second distal end
144 points away from body suction side 124 in a second
direction F, that is substantially perpendicular to longitudinal
axis L and is substantially opposite first direction F,. In this
manner, the exemplary embodiment of second winglet 132 is
similarly said to have a blended profile. Second winglet 132
has a second pressure side 146, a second suction side 148, a
second leading edge (or face) 150, and a second trailing edge
(or face) 152. Second pressure side 146 and second suction
side 148 are joined together at second leading edge 150 and
second trailing edge 152 such that second winglet 132 has an
airfoil-shaped cross-section (as shown in FIG. 5). In other
embodiments, second winglet 132 may extend linearly
(rather than arcuately) from body 120 to second distal end
144. Notably, in the exemplary embodiment (as shown in
FIG. 3), first winglet 130 and second winglet 132 have a
generally mirrored extension from body 120. By virtue of
being generally mirrored in the exemplary embodiment, first
trailing edge 142 and second trailing edge 152 collectively
define a substantially undulating trailing edge formation from
first distal end 134 to second distal end 144 when first blade
110 is viewed from overhead as in FIG. 3. In alternative
embodiments, however, first winglet 130 and second winglet
132 may not be generally mirrored in their extension from
body 120. Moreover, in any of the embodiments described
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herein, the blended profiles of first winglet 130 and second
winglet 132 may have any suitable radii of curvature relative
to one another, and/or first winglet 130 and second winglet
132 may be configured with different airfoil shapes (or cross-
sections), different twist angles, and/or different chord distri-
butions to facilitate maximizing aero-efficiency.

In the exemplary embodiment, as shown in FIG. 4, first
winglet 130 and second winglet 132 branch out from body
120 at substantially the same location along span S of first
blade 110. Additionally, first winglet 130 and second winglet
132 extend from body 120 in a manner that enables first
winglet 130 and second winglet 132 to collectively define the
extent of span S of blade 110, i.e., first winglet 130 and second
winglet 132 have a spanwise component of their extension
from body 120 that is substantially the same. In other suitable
embodiments, however, first winglet 130 and second winglet
132 may branch out from body 120 at different locations
along span S, i.e., first winglet 130 may branch out from body
120 at a location along span S that is farther from root region
116 than the location along span S from which second winglet
132 branches out from body 120. Moreover, in some embodi-
ments, first winglet 130 and second winglet 132 may not
extend from body 120 in the manner that they collectively
define the extent of span S of blade 110, e.g., without limita-
tion, first winglet 130 may have a spanwise component of its
extension from body 120 that is greater than the spanwise
component of the extension of second winglet 132 from body
120 such that only first winglet 130 defines the extent of span
S of first blade 110.

In the exemplary embodiment, blades 110, 112, 114 are
configured such that the pitch of each blade 110, 112, 114 is
variable about its respective longitudinal axis L. For example,
first blade 110 has a normal operating condition (shown in
FIG. 1) at which the pitch of first blade 110 is about 0°, i.e.,
body suction side 124 is facing toward tower 102, and body
pressure side 122 is facing away from tower 102. On the other
hand, first blade 110 also has a feather condition at which the
pitch of first blade 110 is about 90°, i.e., body trailing edge
128 is facing toward tower 102 and body leading edge 126 is
facing away from tower 102. Given that body suction side 124
faces toward tower 102 in the normal operating condition of
first blade 110, inhibiting interference between second
winglet 132 and tower 102 is desirable. As set forth in more
detail below (and shown in FIG. 4), second winglet 132 is
therefore configured to extend outward from body 120 a
second distance D, (as measured perpendicular to longitudi-
nal axis L) which is less than a first distance D, that first
winglet 130 extends outward from body 120 (as measured
perpendicular to longitudinal axis ). For example, without
limitation, first winglet 130 may be about twice as long as
second winglet 132 in their outward extension from body 120
as measured perpendicular to longitudinal axis L. Moreover,
in the exemplary embodiment, each of D, and D, is between
approximately 0.03% and approximately 15% ofthelength of
span S. In other embodiments, however, D, and D, may be
any suitable distances of outward extension (relative to one
another or span S) from body 120 that facilitate enabling first
winglet 130 and second winglet 132 to function as described
herein.

With particular reference to FIG. 5, because first winglet
130 and second winglet 132 branch out from body 120 and
extend away from one another in the exemplary embodiment,
a seam 154 is defined between first winglet 130 and second
winglet 132. More specifically, upon divergence of first
winglet 130 from second winglet 132, body leading edge 126
splits into first leading edge 140 and second leading edge 150,
and body trailing edge 128 splits into first trailing edge 142
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and second trailing edge 152. As such, seam 154 begins at a
leading junction 156 of first leading edge 140 and second
leading edge 150, and seam 154 ends at a trailing junction 158
(shown in FIG. 3) of first trailing edge 142 and second trailing
edge 152, thereby extending transversely across body 120
along an arcuate path from leading junction 156 to trailing
junction 158 between first winglet 130 and second winglet
132. Throughout its extension from leading junction 156 to
trailing junction 158, seam 154 has a rounded contour
between first winglet 130 and second winglet 132. More
specifically, in the exemplary embodiment, as illustrated by
contour lines 160, the rounded contour of seam 154 has a
convex segment 162 near leading junction 156 that smoothly
transitions into a concave segment (or fillet) 164 as seam 154
progresses toward trailing junction 158 such that seam 154 is
convex at leading junction 156 and is concave at trailing
junction 158. Alternatively, the contour of seam 154 between
first winglet 130 and second winglet 132 may have any suit-
able convexity/concavity along its extension from body lead-
ing edge 126 to body trailing edge 128, e.g., without limita-
tion, seam 154 may have any suitable contour between first
winglet 130 and second winglet 132. As used herein, the term
“rounded” contour refers to the contour of the seam being
curvilinear and smooth (or free from corners).

During operation of wind turbine 100, blades 110,112,114
rotate and generate lift at least in part as a result of their
respective bodies 120 being airfoil-shaped. Because each
blade 110, 112, 114 has tip region 118, each blade 110, 112,
114 is able to generate additional lift to supplement the lift
generated by its respective body 120. In this manner, the lift
(and, therefore, the overall power output) associated with
wind turbine 100 is increased. Additionally, tip region 118
enables a pair of smaller tip vortices to be shed such that the
vorticity dynamics associated with the evolution of the two
smaller vortices results in the vortices interacting and subse-
quently decaying faster than would a single, larger vortex
generated by an unsplit blade (or a single winglet).

Notably, while second winglet 132 (the suction side
winglet) is shortened and, hence, has less of a risk of striking
tower 102, any resulting loss in aero-effectiveness (or lift)
caused by shortening second winglet 132 is recaptured by
lengthening first winglet 130 (the pressure side winglet)
because first winglet 130 is not at risk of striking tower 102.
More specifically, in some embodiments such as the embodi-
ment shown in FIG. 1, wind turbine 100 may be configured
such that rotor 106 faces into the wind W, and is therefore
disposed upwind of nacelle 104 during operation. Inthis case,
blades 110,112, 114 may flex toward tower 102 during opera-
tion, and it may be desirable to size second winglet 132
shorter than first winglet 130, i.e., to make D, lessthan D, in
order to maximize the operating efficiency of wind turbine
100 while inhibiting interference between second winglet
132 and tower 102. However, in other embodiments such as
the embodiment shown in FIG. 6, wind turbine 600 may be
configured such that rotor 606 faces away from the wind W,
and is therefore disposed downwind of nacelle 604 during
operation. In such a case, blades 610, 612, 614 may flex away
from tower 602 during operation, and interference between
second winglet 632 and tower 602 is not as likely, meaning
that second winglet 632 may be suitably sized to be as long as,
or longer than, first winglet 630, i.e., the outward extension of
second winglet 632 may be equal to or greater than the out-
ward extension of first winglet 630, in order to facilitate
maximizing the operating efficiency of wind turbine 600. In
that regard, it may be desirable to provide nacelle 604 with a
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6

more aerodynamic contour if rotor 606 is to face away from
the wind W, with nacelle 604 being upwind of rotor 606, as
shown in FIG. 6.

The embodiments disclosed herein therefore facilitate pro-
viding wind turbines with blades having tip regions that com-
pactly enable tip loss reduction and tip vortex control. More-
over, the embodiments disclosed herein facilitate providing
wind turbines with blades that enable an increase in annual
energy production (AEP) of the wind turbine, while minimiz-
ing the risk of the blades striking the tower of the wind
turbine. Additionally, the embodiments disclosed herein
facilitate utilizing vorticity dynamics between twin tip vorti-
ces to realize faster wake/vortex strength dissipation for
downstream wind turbines such that upstream wind turbines
less affect the operation of downstream wind turbines and
such that the overall power output of the wind farm is maxi-
mized. In this manner, the embodiments disclosed herein
facilitate providing a significant economic and competitive
advantage in the form of increased annual energy production
(AEP) for each wind turbine and reduced fatigue loading for
downstream wind turbines in a wind turbine farm.

Exemplary embodiments of wind turbine blades and meth-
ods of fabricating the same are described above in detail. The
blades and methods of fabricating the blades are not limited to
the specific embodiments described herein, but rather, com-
ponents of the blades and/or steps of the methods may be
utilized independently and separately from other components
and/or steps described herein. For example, the methods may
also be used in combination with other systems and methods,
and are not limited to practice with only the systems and
methods as described herein. Rather, the embodiments may
be implemented and utilized in connection with many other
applications.

Although specific features of various embodiments of the
invention may be shown in some drawings and not in others,
this is for convenience only. In accordance with the principles
of the invention, any feature of a drawing may be referenced
and/or claimed in combination with any feature of any other
drawing.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention
is defined by the claims, and may include other examples that
occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have
structural elements that do not difter from the literal language
of'the claims, or if they include equivalent structural elements
with insubstantial differences from the literal language of'the
claims.

What is claimed is:

1. A wind turbine blade comprising:

a root region;

a tip region; and

a body extending from said root region to said tip region,

wherein said tip region comprises a first winglet, a sec-
ond winglet that extends arcuately away from said first
winglet, and a seam along which said winglets diverge
from one another, said seam having a rounded contour.

2. The wind turbine blade in accordance with claim 1,
wherein said first winglet and said second winglet are formed
integrally together with said body.

3. The wind turbine blade in accordance with claim 1,
wherein said first winglet comprises a first leading edge and a
firsttrailing edge, and wherein said second winglet comprises
a second leading edge and a second trailing edge, said wind



US 9,366,224 B2

7

turbine blade further comprising a leading junction at which
said first leading edge diverges from said second leading
edge, and a trailing junction at which said first trailing edge
diverges from said second trailing edge, such that said
rounded contour transitions from being convex at said leading
junction to being concave at said trailing junction as said
seam extends from said leading junction to said trailing junc-
tion.

4. The wind turbine blade in accordance with claim 1,
wherein said rounded contour comprises a convex segment
and a concave segment.

5. The wind turbine blade in accordance with claim 1,
wherein said seam is free from corners.

6. The wind turbine blade in accordance with claim 1,
wherein said first winglet extends outward from said body a
first distance, and wherein said second winglet extends out-
ward from said body a second distance, the second distance
being shorter than the first distance.

7. The wind turbine blade in accordance with claim 6,
wherein the second distance is about half of the first distance.

8. A wind turbine comprising:

atower;

a nacelle mounted on said tower; and

a rotor rotatable relative to said nacelle, wherein said rotor

comprises a blade comprising:

a root region;

a tip region; and

abody extending from said root region to said tip region,
wherein said tip region comprises a first winglet, a
second winglet that extends arcuately away from said
first winglet, and a seam along which said winglets
diverge from one another, said seam having a rounded
contour.

9. The wind turbine in accordance with claim 8, wherein
said first winglet and said second winglet are formed inte-
grally together with said body.

10. The wind turbine in accordance with claim 8, wherein
said first winglet comprises a first leading edge and a first
trailing edge, and wherein said second winglet comprises a
second leading edge and a second trailing edge, said blade
further comprising a leading junction at which said first lead-
ing edge diverges from said second leading edge, and a trail-
ing junction at which said first trailing edge diverges from
said second trailing edge, such that said rounded contour
transitions from being convex at said leading junction to
being concave at said trailing junction as said seam extends
from said leading junction to said trailing junction.

11. The wind turbine in accordance with claim 8, wherein
said rounded contour comprises a convex segment and a
concave segment.

12. The wind turbine in accordance with claim 8, wherein
said seam is free from corners.

13. The wind turbine in accordance with claim 8, wherein
said wind turbine is operable with said rotor disposed upwind
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of said nacelle, said body comprising a suction side and a
pressure side, wherein said first winglet extends outward
from said pressure side of said body a first distance, and
wherein said second winglet extends outward from said suc-
tion side of said body a second distance, the second distance
being shorter than the first distance to inhibit interference
between said second winglet and said tower.

14. The wind turbine in accordance with claim 8, wherein
said wind turbine is operable with said rotor disposed down-
wind of said nacelle, said body comprising a suction side and
a pressure side, wherein said first winglet extends outward
from said pressure side of said body a first distance, and
wherein said second winglet extends outward from said suc-
tion side of said body a second distance, the second distance
being one of the same as and greater than the first distance.

15. A method of fabricating a wind turbine blade, said
method comprising:

forming a body having a root region;

forming a tip region integrally together with the body; and

forming the tip region to include a first winglet, a second

winglet that extends arcuately away from the first
winglet, and a seam along which the winglets diverge
from one another, wherein the seam has a rounded con-
tour.

16. The method in accordance with claim 15, further com-
prising:

forming the first winglet to have a first leading edge and a

first trailing edge;

forming the second winglet to have a second leading edge

and a second trailing edge;

forming a leading junction at which the first leading edge

diverges from the second leading edge;

forming a trailing junction at which the first trailing edge

diverges from the second trailing edge; and

forming the rounded contour to transition from being con-

vex at the leading junction to being concave at the trail-
ing junction as the seam extends from the leading junc-
tion to the trailing junction.
17. The method in accordance with claim 15, further com-
prising forming the rounded contour to have a convex seg-
ment and a concave segment.
18. The method in accordance with claim 15, further com-
prising forming the seam to be free from corners.
19. The method in accordance with claim 15, further com-
prising:
forming the first winglet to extend outward from the body
a first distance; and

forming the second winglet to extend outward from the
body a second distance, wherein the second distance is
shorter than the first distance.

20. The method in accordance with claim 19, further com-
prising forming the first winglet and the second winglet such
that the second distance is about half of the first distance.
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